A series of Fe-Mn binary oxides with different Fe:Mn ratios (1:1, 3:1, 6:1, 9:1) were synthesized to investigate the optimal Fe:Mn ratio for the removal of As(III) and As(V). Batch experiments were performed to determine the rate of adsorption and equilibrium isotherms. Adsorption kinetics were well described by the pseudo-second-order kinetic model for both As(III) and As(V). The adsorption equilibrium data fitted well to Langmuir and Freundlich isotherms. The maximum As(V) sorption capacity was observed at an Fe:Mn ratio of 6:1 (65.0 mg/g), whereas maximum As(III) uptake was at Fe:Mn ratio 3:1 (46.9 mg/g). Arsenic levels in real water samples were reduced from 37 μg/l to below the EU Water Framework Directive limit (10 μg/L) after treatment with Fe-Mn adsorbents.
is low (Lenoble et al. ) and this limits their application.
Conceivably, a Fe-Mn binary composite that combines the oxidation property of manganese dioxide and the high adsorption of iron oxides would be able to oxidize As (III) and have high adsorption capacity for As(V) simultaneously.
Therefore, the main objectives of this research were to synthesize a series of Fe-Mn binary oxides with different Fe/Mn molar ratios by an oxidation and coprecipitation method, characterize the adsorbents and finally evaluate the adsorption mechanisms of As(V) and As(III) on the Fe-Mn binary oxides in synthetic and real water matrices.
MATERIALS AND METHODS

Materials
All chemicals were of analytical grade and used without further purification. Reaction vessels (glass) were cleaned with 1% HNO 3 and rinsed several times with deionized water before use. As(III) and As(V) stock solutions were prepared with deionized water using As 2 O 3 and As 2 O 5 (Alfa Aesar GmbH, 99.9% purity), respectively. Arsenic working solutions were freshly prepared by diluting arsenic solutions with deionized water.
Adsorbent preparation
Fe-Mn binary oxides with different Fe/Mn molar ratios (1:1, 3:1, 6:1 and 9:1) were prepared at room temperature 
Adsorbent characterization
The specific surface area was measured by nitrogen adsorption using the Brunauer-Emmett-Teller (BET) method with a Quantachrome Autosorb™ iQsurface area analyzer. The particle sizes were observed using a scanning electron microscope (SEM) (JEOL JSM 6460 LV). The point of zero charge (pzc) was determined according to the inert electrolyte titration method described by Kinniburgh et al. () : the Fe-Mn binary oxides were suspended in 0.01 M NaNO 3 for 24 h, after which the rate of pH change with time was very slow; 20 mL of suspension was then adjusted to various pH values with 0.1 M NaOH or 0.1 M HNO 3 solution. After agitation for 60 min for equilibrium, the initial pH was measured; then, 1.5 g of NaNO 3 was added to each suspension to bring the final electrolyte concentration to about 0.45 M. After an additional 3 h, the final pH was measured.
The results, plotted as ΔpH (final pH-initial pH) against final pH, yielded the pzc as the pH at which ΔpH ¼ 0.
Batch adsorption tests
Sorption experiments for the kinetic study were conducted as follows: 10 mg of Fe-Mn binary oxide was suspended in a 20 mL solution containing 10 mg/L of As(III) and As(V).
Solution pH was adjusted to 7 ± 0.2 with 0.1 M HNO 3 or 0.1 M NaOH, and the vials were placed on an orbital shaker at 180 rpm. At predetermined times, samples were taken and filtered with a 0.45 μm membrane filter and the concentration of arsenic in the filtrate determined. 
Analytical methods
Arsenic concentrations were determined by inductively coupled plasma mass-spectrometry (Agilent 7700). Prior to analysis, the aqueous samples were acidified with concentrated HNO 3 in an amount of 1% and stored in acidwashed glass vessels. All samples used in our analysis were analyzed within 24 h of collection.
RESULTS AND DISCUSSION
Adsorbent characterization
The BET surface area measurements of the Fe-Mn binary oxides are given in 
Adsorption kinetics
The adsorption kinetics of As(III) and As(V) at pH 7.0 ± 0. time of 720 min (12 h) was enough to achieve adsorption equilibrium for As(III) and As(V). A mixing time of 24 h was therefore used in the other batch adsorption experiments for both As(III) and As(V). In order to better describe the removal kinetics of As (III) and As(V), three different kinetic models were used to model the experimental data (pseudo-first-order, pseudo-second-order and Elowich models). Based on the estimated correlation coeffi- Generally, the pseudo-second-order rate constant (k 2 )
decreases with increasing initial load of As(III) and As(V)
in solution per gram of Fe-Mn binary oxides, which means that the As(III)/As(V) sorption is a more favourable process at lower than at higher solute concentration (Table 2) . Similar results were observed for adsorption of As(III) and As(V) on Fe-Zn binary oxide where equilibrium was achieved after 25 h (Ren et al. ).
The overall adsorption process may be controlled by either one or more steps, including outer diffusion, intra-particle diffusion and adsorption of the adsorbates onto active sites. The last step was considered to be rapid and thus cannot be treated as the rate-limiting step in the adsorption process (Yu et al. ) . Consequently, the adsorption rate might be controlled by outer diffusion, inner diffusion or both. Since the above general kinetic models could not identify the rate-limiting step of As(III) and As(V) on Fe-Mn binary oxides, the intra-particle diffusion model based on the theory proposed by Weber and Morris and particle diffusion was used to analyze the rate-limiting step of adsorption.
The values of R 2 for the intra-particle pore diffusion model are closer to unity indicating that intra-particle pore diffusion of adsorbate contributes more towards the ratedetermining step (Table 3) .
However, in the case of the intra-particle diffusion model the lines do not pass through the origin (Figure 2 ), which reveals that the adsorption of As(III) and As(V) on Fe-Mn binary oxides is a complex process involving surface adsorption, inter-particle diffusion and intra-particle diffusion all contributing towards the rate of sorption (Dhoble et al. ) .
Adsorption isotherms
Arsenic sorption capacities of Fe-Mn binary oxides with different Fe/Mn molar ratios were evaluated using adsorption isotherms at pH 7.0 ± 0.2 at constant ionic strength (0.01 M NaNO 3 ). The adsorption isotherms were modelled using both Freundlich and Langmuir models (Figure 3 ).
Based on the estimated correlation coefficients (R 2 ), it was found that both models were suitable for describing the adsorption behaviour of As(III) and As(V) on Fe-Mn binary oxides. However, slightly better correlation coefficients for adsorption of As(III) and As(V) on Fe-Mn binary oxides were obtained with the Freundlich isotherm model (Table 4) . This is probably due to the heterogeneity of the adsorbent surface with the presence of manganese
dioxide (Zhang et al. ).
Figure 2 | Intra-particle mass transfer plots for As(III) and As(V) adsorption on Fe-Mn binary oxides. indicates the adsorption nature to be unfavourable if
. From the data calculated, R L is greater than 0 but less than 1 for the sorption of As (III) and As(V), indicating that the Langmuir isotherm is favourable. In the present case, the values were in the range 0.11-0.99 for As(III) and 0.19-0.99 for As(V), showing the favourability of the process and the good fit of the Langmuir isotherm (Table 4 ).
Effect of pH on As(III) and As(V) sorption
The influence of solution pH (from 3 to 11) on the removal of As(III) and As(V) by Fe-Mn binary oxides was and 4(b). The removal percentage of As(III) was maintained above 90% at pH values ranging from 3 to 8 for all four adsorbents. However, further increasing the pH from 9 to 11 resulted in removal percentages declining to 41-61% for As(III), depending on the adsorbents applied.
As ( . On the other hand, As(III) adsorption on iron adsorbents is very different from that of As(V), since H 3 AsO 3 is the dominant dissolved As(III) species below pH 9.2. However, the similar As(III) and As(V) adsorptions observed during this experiment suggest indirectly that the initial As(III) was oxidized to As(V) and then adsorbed by the Fe-Mn adsorbents. Generally, As(III) and As(V) removals by Fe-Mn sorbents were greater than 90% until the solution pH was increased above 9, indicating that the material should be effective for the majority of water supplies, which normally have a pH range of 6.5-8.5 (Gu et al. ) .
The concentrations of Fe and Mn released into solution after reaction with As(III) and As(V) at different solution pH
were also investigated (Tables 5 and 6 ). It can be seen that the obvious release of Mn was observed under acidic conditions (pH 3-5). The release of Mn was greater for As(III) sorption than for As(V) sorption. This can be explained by the As(III) removal mechanism of Fe-Mn binary oxides 
The above reaction states that MnO 2 oxidizes As(III) to As(V), whilst releasing Mn 2þ . Consequently, the higher release of Mn 2þ for As(III) sorption compared to As(V)
can be attributed to the reductive dissolution of MnO 2 caused by oxidation of As(III). At pH 3 and pH 4 the release of Mn observed was up to 1.87 mg/L, whereas at greater pH values no Mn release was found, possibly through the following mechanisms: (1) part of the As(III) was directly adsorbed onto the adsorbent without oxidation; (2) the redox reaction given in Equation (1) 
